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Abstract: From the introduction of video-assisted thoracoscopic surgery (VATS) in the 1990s, to 
performing major lung resections using a uniportal VATS approach, technology has paved the way for the 
development of minimally invasive thoracic surgery. Natural orifice access to achieve a ‘no port’ approach, 
is also on the rise, with advancements in bronchoscopic techniques for diagnosis and therapy, as well as 
development of soft robotics to achieve desired flexibility, dexterity and stability in future platforms, which 
may involve in vivo deployment to bring the surgeon totally inside the body. Development of haptic feedback 
in robotic platforms to enhance the surgical experience is also a major goal, with vibrotactile and mechanical 
feedback generation, to replicate the traditional touch. In addition, the aid of technology in the form of 
procedural guidance mechanisms, like augmented reality, will further improve the safety and accuracy of 
future operations.  
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Introduction

As technology continues to shape our future and 
integrate into every aspect of our lives, it has become 
almost indispensable to live without the buzz or glow of 
gadget screens. Likewise, it has been the backbone of the 
advancement in thoracic surgery over the recent decades; 
with the advent of the thoracoscope, minimally invasive 
thoracic surgery has gone beyond large, painful incisions 
in promise of better patient recovery and outcomes. From 
multiple ports to single port operations, the envelope has 
been pushed for less invasive and for smaller approaches. As 
seen in other fields of surgery, minimal access has been the 
common battleground, giving rise to “incisionless” natural 
orifice transluminal endoscopic surgery, and the increasing 
adoption of robotics, harnessing enhanced 3-dimensional 
(3D) visuals and increased dexterity (1,2). Despite the 

challenges in the pursuit of more intelligent robotic designs 
for better outcomes in patient care, the future of thoracic 
surgery will surely take on a similar path, to incorporate 
robotic technology and the concept of natural orifice, 
“incisionless” or “no port” techniques. The following article 
will discuss the possible directions robotic technology can 
take in the field of thoracic surgery, with respect to possible 
robotic designs, and notable challenges faced in areas of 
haptic feedback, as well as lesion localisation for more safe, 
and effective surgical procedures. 

Video-assisted thoracoscopic surgery (VATS) has evolved 
over the past 2 decades to become a safe, viable alternative 
to lung cancer treatment, with the proportion of VATS 
lobectomies increasing from 8% in 2003 to 44.7% by 2010 
as shown in data from The Society of Thoracic Surgery 
General Thoracic Surgery Database (3). At the forefront 
of this paradigm shift is the birth of the uniportal approach 
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to lung resection first described in 2004 by Rocco et al. (4). 
Since then, the adoption of this minimally invasive approach 
has seen popularity worldwide, especially in China. Take for 
example, the Shanghai Pulmonary Hospital (SPH), which 
saw its first VATS operation in 1994, rising to over 8,000 
operations performed in the year 2016, and the majority 
of these being VATS operations. After its introduction in 
2012 to SPH, in between 2012 and 2014 alone, over 1,000 
lobectomies were performed via the novel uniportal VATS 
approach (5). 

Given increasing trends of lung cancer screening, 
evidenced by improved outcomes using low-dose CT as 
established by the National Lung Screening Trial Research 
Team (6), the potential increase in incidental findings 
of small lung nodules requires different management 
approach that aims to provide early precise diagnosis, good 
oncological outcomes, whilst using minimally invasive 
techniques. This has been an area of development in 
thoracic surgery, and the role of the bronchoscope in 
diagnosis and staging of lung cancer has also been on an 
increasing trend, especially with introduction of novel 
techniques such as endobronchial ultrasound (EBUS) 
and electromagnetic navigation bronchoscopy in hybrid 
operating theatres (7,8). In a single centre observational 
retrospective study in Taiwan over an 11-year period, the 
proportion of subjects diagnosed using bronchoscopy 
increased from 39.4% to 47.4% in the period after the 
introduction of EBUS, with a significant decrease in the 
reliance of other diagnostic modalities including CT guided 
biopsy and pleural effusion cytology (9).

Natural orifice access & soft robots

Natural orifice techniques have also been an area of 
interest; with studies looking at various access points like 
transesophageal, transgastric or transtracheal, but some of 
these have been limited by lack of flexible instrumentation, 
or confined workspace leading to suboptimal results (1). 
With this, the future may see soft robots, utilising natural 
orifice access like the transoral route to traverse the airways, 
for excisional biopsies, or even curative resection. This 
would advance beyond using hand held endoscopic or 
thoracoscopic instruments that may be restrictive at the 
access points, but rather deploying soft, flexible “in vivo” 
miniature robots that could squeeze through the airways, 
and reach lung nodules whilst being controlled at a console 
by the surgeon.

Perhaps as an intermediate step towards this, a study (10) 

on the use of concentric tube robots and steerable needles, 
have allowed for the biopsy of peripherally located nodules 
with the aid of robotics. A 3-stage approach consisted 
of navigation to desired location with bronchoscopy, 
concentric tube robot for aiming and moving through 
the bronchial wall, while a bevel tip steerable needle 
manoeuvres through lung tissue to reach the target for 
biopsy. This allows for targeting of lesions in the lung 
via a transoral route, and also sets the scene for potential 
integration of in vivo robots to perform the task. Given 
the possible higher degree of dexterity for navigation, and 
integration of all the components of the bronchoscope, the 
concentric tube and needle instrumentation into one robot 
that can be deployed to reach the desired location, cut 
through the bronchial wall and lung tissue to arrive at the 
target.

Soft robots will be advantageous for navigation through 
confined spaces, however, retaining the necessary stability 
for traction and instrumentation, is necessary for procedures. 
This could be achieved with the design of the robot that 
allows it to be flexible at desired areas, i.e., distally, while 
remaining rigid in other areas, i.e., proximally (11). Although 
not currently achieved at a miniature level to allow for 
in vivo deployment, a large number of prototype flexible 
robots are being developed, utilising different techniques to 
achieve flexibility, including tendon/cable driven designs as 
seen in MASTER, Flex Robotics Systems and I2-Snake, as 
well as research stage concentric tube designs, pneumatic 
or hydraulic control, linkage-based systems, as well as 
continuum arms. Other novel soft robotic platforms include 
STIFF-FLOP, with tuneable flexibility, the Cardioscope, 
as designed specifically for thoracic surgery, Anubiscope, 
EndoSAMURAI, and many more (12-16).

Magnetic anchored guidance is also an emerging 
technology in uniportal VATS, which can be seen as an 
intermediate stage to integrate soft robotic platforms 
in surgery. By overcoming challenges of fencing of 
instruments, the anchoring of a wireless steerable endoscope 
magnetically to the intrathoracic wall to replace the 
conventional thoracoscopic camera, would allow for more 
space for surgical instruments at the incision, and possibly 
an even smaller incision. The use of magnetic anchoring 
may even allow for the possibility of anchoring multiple 
working soft robots, in addition to the camera, for a single 
incision, but high flexibility intraoperative experience (17).

Flexibility in soft robots can also be achieved with use 
of specialised materials; Cheng et al. (18) at Massachusetts 
Institute of Technology developed a material out of foam 



Annals of Translational Medicine, Vol 7, No 2 January 2019 Page 3 of 6

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2019;7(2):35atm.amegroups.com

and wax that could switch between soft and hard states 
by applying current, with the intention of utilising this 
to create a deformable robot that can traverse confined 
spaces in a soft state, minimise damage to its surroundings, 
but adopt a rigid state to perform meaningful tasks when 
desired. One particular inspiration for this was from 
observing octopuses, and certainly in the area of robotic 
research, biomimetic design by drawing inspiration from 
nature, is not uncommon (15,19). Invertebrates like worms 
are also obvious candidates for soft robots to mimic, 
and serve well to navigate through tight spaces like the 
airways; introduction of various flexible materials actuated 
by shape memory alloy actuators, as inspired by worm 
locomotion, have potential application in advancing soft 
robotics in the future (19). Similarly, in the 2017 Japan 
Society of Mechanical Engineers Conference on Robotics 
and Mechatronics in Fukushima, Japan, a group from 
the Tokyo Institute of Technology and Toho University 
presented a self-propelling catheter for navigation of the 
airways in a peristaltic, earthworm like motion (20). The 
movement of the robot was perpetuated by generating 
waves through pressure changes throughout its length to 
reach the programmed target, while another earthworm 
inspired soft robot designed for the gastrointestinal (GI) 
tract was pneumatically driven, using different sections; 
two expanding and one extending section allowing bending 
as well for crawling (21). If soft robotic technology can be 
married with the likes of these biomimetic self-propelling 
catheters, to be able to figuratively place the surgeon inside 
the airways to reach pulmonary nodules for procedures, 
would become a new reality.  

Haptic feedback

In addition to the design of flexible soft robots, a major 
challenge faced in robotic surgery nowadays, is the 
complete lack of haptic feedback due to the remote control 
in a modern master-slave control system like the da 
Vinci robot, demanding the surgeon to learn visual cues 
instead. In the palpation and dissection of tissue, haptics 
is important, for example in identifying lung nodules and 
gauging force limits during tissue manipulation. This is 
especially so, when vision is limited in confined areas like 
the airways, force or tactile feedback becomes useful in 
avoiding accidental trauma and improve precision. Taking 
reference from video gaming consoles, vibrations are often 
provided to handheld controllers to alert the player during 
a situation, with the addition of some form of visual input 

to correlate with the vibration. Haptics are also seen in 
modern day smartphones, either similarly as feedback for 
the user during certain touchscreen actions, i.e., typing on 
the keyboard, or seen in various Apple products like the 
iPhone, a force sensor to produce actions (22). Specifically, 
the Force Touch, and 3D Touch functions, based on force 
sensing and a brand name Taptic engine, is an interesting 
piece of technology that can register a user’s varying degrees 
of force applied to produce different actions on the phone, 
or laptop, with various vibrations to simulate and generate 
tactile feedback, even vibrotactile illusions. This concept 
can be adopted in development of haptics in robotic surgery, 
for example being able to sense, through vibrating feedback, 
exactly how much force is being applied via an instrument 
to delineate the resistance of the tissue being handled, and 
therefore be able to know the limit of how much force to 
apply. This may even help determine various anatomical 
structures, or tumours through determining the force 
applied to grasp, or “palpate” the tissue. Prior calibration of 
various tissue, or material “consistencies”, like the limit of 
particular sutures, or the force applied when grasping lung 
tissue, can help the robot set constraints or actively resist, to 
alert the surgeon whether the force applied is within normal 
range. This is similar to haptic virtual fixtures; to provide 
physical constraint or force resistance in some robotic 
haptics development (23,24).  

Small pulses of vibrating feedback can be sent to the 
surgeon via the controls at the console, or a wearable device 
on the surgeon’s hand, fingers or wrist, like a glove or 
wristband, with varying frequency and strength of vibration 
to correlate with the force applied via the instruments. In 
addition, to vibration, lateral skin stretch feedback has been 
an area of research with promising results, by stretching 
the skin to stimulate mechanoreceptors, or normal skin 
deformation to simulate palpation for example. Small 
wearable devices over the finger pads, due to the high 
density of mechanoreceptors, are under development, 
and can see future application in surgery by providing 
more detailed and complex haptic feedback; vibrotactile 
illusions like pulling sensations, can be achieved through 
asymmetrical vibrations on the skin, or modelling for 
rough surfaces by using different frequencies of vibrations 
to stimulate the Pacinian or Meissner corpuscles for the 
desired textural sensations (24,25). A combination of 
vibrations and mechanic feedback like lateral skin stretch 
can enhance the feedback sensation, while additional 
visual input, like a dynamic force indicator or scale, can 
also be visualised on the display to further elucidate force 
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and tension applied. Force sensors could utilise thin 
piezoelectric or piezoresistive actuators, strain gauge, or 
tactile instrumented membranes, to generate force values, 
and provide sensory haptic feedback—the challenge is 
making them small enough, and precise enough for in vivo 
robotics (23,24,26-28). Truby et al. (29) at Harvard recently 
developed an embedded 3D-printing technique that could 
incorporate an organic ionic liquid-based conductive ink 
as an embedded sensor within the matrix of a simple, 
soft grasping robot, with haptic, proprioceptive, and 
thermoceptive sensing. As this technology matures with 
3D printing of miniature robots with embedded sensors, 
the future may see such soft robots in the field of thoracic 
surgery.  

Procedural guidance

As mentioned previously regarding the study by Swaney  
et al. (10), and the potential use of in vivo soft robots 
entirely, to biopsy, or even excise peripherally located lung 
nodules, a major limitation is the “blind” nature of reaching 
the desired target through lung tissue. Avoiding critical 
structures like blood vessels, is an important element to 
consider, as well as enhanced pathway planning to bring 
about the least damage, especially when one cannot see 
vessels or nodules intraoperatively, and even more so in 
the context of confined spaces like the airways—this can 
be achieved with the help of augmented reality. Similar 
to virtual reality, augmented reality aims to connect real 
time imaging from cameras, i.e., intraoperative view, 
superimposing other imaging data, to relay information 
on the same screen to the surgeon. This has seen most 
application in neurosurgery, with stereotactic operating 
systems for surgical navigation, and has also been seen in 
other fields of general surgery to relay critical information 
like location of anatomical structures (30). Similar 
techniques can be applied to intraluminal thoracic surgery, 
with the addition of electromagnetic tracking like in 
electromagnetic navigational bronchoscopy, by knowing 
where a catheter, or an in vivo robot is during a procedure, 
the use of established preoperative 3D reconstructions can 
provide information like blood vessels or tumour/nodule 
location (31).

With the help of augmented reality, through superimposing 
reconstruction scans onto the intraoperative view inside 
the airways, the surgeon could see if there are any critical 
structures nearby extraluminally, or how far he/she is from 

the desired target and hence be able to plan the correct 
route, almost like an “X-ray vision” to see through and 
identify all the structures around him/her at any given time. 
Electromagnetic tracking is useful to delineate location of 
the robot, and these can correlate back to preoperative 3D 
reconstruction scans of the patient through some form of 
image alignment, and therefore the display can superimpose 
the correct view of the scans determined by the robot 
location to match. This would require accurate registration 
and calibration between the real time image and the 3D 
reconstructions, as well as tracking of the robot in a 3D space 
if there is any rotation for example, which could be achieved 
through prior calibration of the robot in terms of degrees of 
rotation along its axis, before deployment (30,32). Various 
methods of image alignment can be adopted, like infrared 
sensors that could be paired with electromagnetic tracking, 
or methods that don’t require dedicated markers, but 
instead using a miniature stereoscopic camera for real time 
3D modelling of the surgical site with a stereo-matching 
algorithm (31), or even the use of natural points of reference, 
via internal anatomical landmarks (33), to progressively 
register and calibrate the images as the procedure advances. 
Although still in its infancy, this is an area with great 
momentum, and would have significant impact on improving 
the safety and accuracy of procedures, as well as education 
and surgical training.  

Conclusions 

As technology continues to advance, the future of thoracic 
surgery holds many opportunities, and the integration of 
technology is beginning to reshape the surgical landscape. 
Moving forward from smaller, more intelligent robotic 
designs, the ultimate goal would be to recreate an all-
encompassing experience for the surgeon to be enhanced 
by robotics, to operate in strive of better patient outcomes. 
While the surgical field aims to go smaller, the endeavours 
to do so become greater. 

Acknowledgements

None.

Footnote

Conflicts of Interest: The authors have no conflicts of interest 
to declare.



Annals of Translational Medicine, Vol 7, No 2 January 2019 Page 5 of 6

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2019;7(2):35atm.amegroups.com

References

1. Liu YH, Chu Y, Wu YC, et al. Natural orifice surgery in 
thoracic surgery. J Thorac Dis 2014;6:61-3.

2. Latif MJ, Park BJ. Robotics in general thoracic surgery 
procedures. J Vis Surg 2017;3:44. 

3. Blasberg JD, Seder CW, Leverson G, et al. Video-assisted 
thoracoscopic lobectomy for lung cancer: current practice 
patterns and predictors of adoption. Ann Thorac Surg 
2016;102:1854-62. 

4. Rocco G, Martin-Ucar A, Passera E. Uniportal VATS 
wedge pulmonary resections. Ann Thorac Surg 
2004;77:726-8.

5. Wang H, Zhou X, Xie D, et al. Uniportal video-assisted 
thoracic surgery-the experiences of Shanghai Pulmonary 
Hospital. J Vis Surg 2016;2:56. 

6. National Lung Screening Trial Research Team, Aberle 
DR, Adams AM, et al. Reduced lung-cancer mortality with 
low-dose computed tomographic screening. N Engl J Med 
2011;365:395-409.

7. Chow SC, Ng CS. Recent developments in video-assisted 
thoracoscopic surgery for pulmonary nodule management. 
J Thorac Dis 2016;8:S509-16. 

8. Ng CS, Yu SC, Lau RW, et al. Hybrid DynaCT-guided 
electromagnetic navigational bronchoscopic biopsy. Eur J 
Cardiothorac Surg 2016;49 Suppl 1:i87-8. 

9. Chen CH, Liao WC, Wu BR, et al. Endobronchial 
Ultrasound Changed the World of Lung Cancer 
Patients: A 11-Year Institutional Experience. PLoS One 
2015;10:e0142336.

10. Swaney PJ, Mahoney AW, Hartley BI, et al. Toward 
Transoral Peripheral Lung Access: Combining Continuum 
Robots and Steerable Needles. J Med Robot Res 2017;2. 

11. Canes D, Lehman AC, Farritor SM, et al. The future of 
NOTES instrumentation: Flexible robotics and in vivo 
minirobots. J Endourol 2009;23:787-92. 

12. Tonutti M, Elson DS, Yang GZ, et al. The role of 
technology in minimally invasive surgery: state of the art, 
recent developments and future directions. Postgrad Med 
J 2017;93:159-67. 

13. Nakadate R, Arata  J, Hashizume M. Next-generation 
robotic surgery - from the aspect of surgical robots 
developed by industry. Minim Invasive Ther Allied 
Technol 2015;24:2-7. 

14. Simaan N, Yasin RM, Wang L. Medical Technologies 
and Challenges of Robot-Assisted Minimally Invasive 
Intervention and Diagnostics. Annual Review of Control, 
Robotics, and Autonomous Systems 2018;1:465-90.  

15. Rus D, Tolley MT. Design, fabrication and control of soft 
robots. Nature 2015;521:467-75. 

16. Cheng T, Ng CSH, Li Z. Innovative surgical endoscopes 
in video-assisted thoracic surgery. J Thorac Dis 
2018;10:S749-55.

17. Li Z, Ng CS. Future of uniportal video-assisted 
thoracoscopic surgery-emerging technology. Ann 
Cardiothorac Surg 2016;5:127-32.

18. Cheng NG, Gopinath A, Wang L, et al. Thermally 
Tunable, Self-Healing Composites for Soft Robotic 
Applications. Macromol Mater Eng 2014;299:1279-84.  

19. Laschi C, Cianchetti M, Mazzolai B, et al. Soft robot arm 
inspired by the octopus. Adv Robot 2012;26:709-27. 

20. Tsukagoshi H, Terashima K, Takai Y. A self-propelled 
catheter capable of generating travelling waves with 
steering function by mono-line drive. 2018 IEEE 
International Conference on Robotics and Automation 
(ICRA 2018). 21-25 May 2018; Brisbane, Australia.

21. Heung H, Chiu PW, Li Z. Design and Prototyping of 
a Soft Earthworm like Robot Targeted for GI Tract 
Inspection. 2016 IEEE International Conference on 
Robotics and Biomimetics (ROBIO); 3-7 Dec 2016; 
Qingdao, China.

22. Ye S. The science behind Force Touch and the Taptic 
Engine. iMore. Published April 8, 2015. Available online: 
https://www.imore.com/science-behind-taptics-and-
force-touch 

23. Okamura AM. Haptic feedback in robot-assisted minimally 
invasive surgery. Curr Opin Urol 2009;19:102-7. 

24. Culbertson H, Schorr S B, Okamura AM. Haptics: The 
Present and Future of Artificial Touch Sensation. Annual 
Review of Control, Robotics, and Autonomous Systems 
2018;1:385-409. 

25. Husman MA, Maqbool HF, Awad MI, et al. A wearable 
skin stretch haptic feedback device: Towards improving 
balance control in lower limb amputees. Conf Proc IEEE 
Eng Med Biol Soc 2016;2016:2120-3. 

26. Hosseini SM, Kashani SM, Najarian S, et al. A medical 
tactile sensing instrument for detecting embedded objects, 
with specific application for breast examination. Int J Med 
Robot 2010;6:73-82. 

27. Khalili N, Shen X, Naguib HE. On the modeling and 
characterization of an interlocked flexible electronic skin. 
Proceedings of the SPIE 2017. doi: 10.1117/12.2263980 

28. Kapoor S, Arora P, Kapoor V, et al. Haptics - touch 
feedback technology widening the horizon of medicine. J 
Clin Diagn Res 2014;8:294-9. 

29. Truby RL, Wehner M, Grosskopf AK, et al. Soft Robotics: 



Siu et al. Latest technology in MITS

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2019;7(2):35atm.amegroups.com

Page 6 of 6

Soft Somatosensitive Actuators via Embedded 3D 
Printing. Adv Mater 2018;30:e1706383. 

30. Shuhaiber JH. Augmented reality in surgery. Arch Surg 
2004;139:170-4. 

31. Kowalczuk J, Meyer A, Carlson J, et al. Real-time three-
dimensional soft tissue reconstruction for laparoscopic 
surgery. Surg Endosc 2012;26:3413-7. 

32. Heuts S, Sardari Nia P, Maessen JG. Preoperative 

planning of thoracic surgery with use of three-dimensional 
reconstruction, rapid prototyping, simulation and virtual 
navigation. J Vis Surg 2016;2:77.  

33. Hayashi Y, Misawa K, Hawkes DJ, et al. Progressive 
internal landmark registration for surgical navigation in 
laparoscopic gastrectomy for gastric cancer. Int J Comput 
Assist Radiol Surg 2016;11:837-45.  

Cite this article as: Siu IC, Li Z, Ng CS. Latest technology 
in minimally invasive thoracic surgery. Ann Transl Med 
2019;7(2):35. doi: 10.21037/atm.2018.12.47


